Zirconium has a large number of properties that make it very attractive for different applications in several activity fields (nuclear, pyrotechnics, armament …). This article is devoted to the study of zir conium electrochemical behavior and crystallization phenomena on silver electrode in the LiF NaF eutectic mixture in the 690 900 C temperature range, using cyclic voltammetry, square wave vol tammetry and chronoamperometry. The result showed that Zr(IV) is reduced into Zr in a simple step exchanging four electrons and that zirconium nucleation is progressive whatever the temperature and the overvoltage. Nuclei growth takes place in all three dimensions and is limited by diffusion of Zr(IV) ions. The influence of overvoltage on the zirconium nucleation rate was also studied.
Introduction
Zirconium is a strategic metal used in various activity sectors because of its physicochemical properties: a low cross section of neutron capture, corrosion resistance under extreme conditions (high temperature, aggressive media), excellent mechanical resis tance and high pyrophoricity [1] . 90% of the production of zirco nium metal is used in the nuclear field, as zirconium alloy claddings (Zircaloy 2, Zircaloy 4, Zirlo …), UeZr fuel, and dissolvers for spent fuel reprocessing [1, 2] . Zirconium metal is also used in chemical engineering, pyrotechnics, armament, photography (flash lamps) and steel or other alloys formation [1] . Zirconium metal is obtained in the form of zirconium sponges produced by Kroll process [1, 3] . The Kroll process consists in a reduction of zirconium chlorides to zirconium metal by magnesium acting as reducing metal.
Electrodeposition of zirconium in molten salts may be another process for production of zirconium metal [4, 5] . Several studies on the electrochemical behavior of zirconium in molten chloride and fluoride media have been carried out [6e13] . In chloride media, results highlight the existence of several oxidation states (0, þ I, þ II and þ IV). Zr(IV) reduction mechanism proposed by the authors diverge. Lee et al. [7] proposed a three step reduction mechanism whose redox couples are: Zr (IV)/Zr (II); Zr (II)/Zr and Zr(I)/Zr. Other authors showed a two step reduction mechanism whose redox couples differ [6, 8, 9] . For the first step, the authors agree on the reaction:
ZrðIVÞ þ 2e À $ZrðIIÞ On the other hand, the second step of the reduction mechanism is more discussed and the proposed mech anisms are:
ZrðIIÞ þ 2e À $Zrð0Þ for Ghosh et al. [6] . a combination of two reactions: ZrðIVÞ þ 4e À $Zrð0Þ and ZrðIVÞ þ Cl À þ 3e À $ZrCl for Sakamura et al. [8] .
a combination of three reactions: ZrðIIÞ þ 2e À $Zrð0Þ, ZrðIVÞ þ 4e À $Zrð0Þ and ZrðIVÞ þ Cl À þ 3e À $ZrCl for Fabian et al. [9] .
In fluoride media, two different Zr (IV) ions reduction mecha nisms have been proposed: either a two step reduction [12] or an one step reduction [10, 11] :
ZrðIIÞ þ 2e À $Zrð0Þ
or ZrðIVÞ þ 4e À $Zrð0Þ
The fundamental study of zirconium electrodeposition in molten fluorides is not described in the literature, particularly the nucleation and growth phenomena.
Present work focuses on the investigation of the electrochemical behavior of zirconium and the phenomena occurring at the beginning of electrolysis, by determining the Zr(IV) reduction mechanism using electroanalytical techniques. The second part of the study aims at determining the most suitable electrolytic process (DC electrolysis or pulsed current electrolysis) to obtain zirconium deposition. The phenomena of nucleation and crystal growth of zirconium on silver electrode in LiFeNaF were examined using chronoamperometry between 690 and 750 C. Our experimental results are compared with the theoretical models corresponding to the two nucleation modes: progressive and instantaneous [14, 15] . The influence of overvoltage and temperature on the nucleation mode and rate have also been examined in this work.
Experimental

Melt preparation
The electrolytic bath was composed of the LiFeNaF (Sigma Aldrich respectively ! 99.98% and 99.99%) eutectic mixture (60 40 mol%). The density (r/g.cm À3 ) of this melt can be expressed as a function of the absolute temperature (T/K) by the following relation:
r 2.5325e5.552.10
This mixture was initially dehydrated by heating under vacuum (7.10 À5 bar) from ambient temperature up to its melting point (650 C) for 70 h. After melting of the salt, pre electrolyzes were carried out using Ni cathode and glassy carbon anode in order to reduce residual oxide content. The anodic reaction consisted of carbon oxidation with oxide ions to form gaseous CO 2 , which can be extracted out of the cell and consequently reduce oxide ions con tent in the melt. Pre electrolyzes were carried out until less than 1.1 Â 10 À3 mol kg À1 of oxide ions remain into the bath. This molality was determined by square wave voltammetry on gold electrode based on the work of L. Massot et al. [16] . Zirconium ions were added to the bath in the form of zirconium (IV) fluoride ZrF 4 (Alfa Aesar 99.9%).
Cell
Fig . 1 shows the electrochemical set up used in this study. The cell is composed of a vitreous carbon crucible placed in a boron nitride secondary crucible. The two crucibles were placed in a cy lindrical reactor made of Inconel. It was closed by an Inconel lid cooled by air circulation. The experiments were carried out under an inert argon atmosphere (<0.1 ppm O 2 and <0.5 ppm H 2 O). The cell was heated using a programmable furnace. The temperature was controlled by a platinum rhodium thermocouple. This equip ment was placed in a glovebox under dry argon atmosphere (<15 ppm O 2 and < 2 ppm H 2 O).
Electrodes
The working electrode was a sliver wire (1 mm diameter). The surface area of the working electrode was determined by measuring the immersion depth in the salt after each experiment. The counter electrode was a vitreous carbon (3000C) rod (3 mm diameter) with a large surface area. The potentials were referred to a platinum wire (1 mm diameter) immerged in the electrolytic bath. The platinum wire acts as a quasi reference electrode Pt/PtO x / O 2À [17] .
Techniques
Transient electrochemical techniques used for this study are cyclic voltammetry, square wave voltammetry and chro noamperometry. These investigations were carried out with a VSP potentiostat/galvanostat controlled with EC Lab V11.01 software.
Results and discussion
3.1. Zr(IV) ions reduction mechanism 3.1.
Electrochemistry of Zr(IV) in LiF NaF
Cyclic voltammograms were plotted in the LiF NaF ZrF 4 (0.03e0.17 mol kg À1 ) system between 750 and 900 C on silver electrode at 100 mV s
À1
. Fig. 2 shows a typical cyclic voltamogram of LiF NaF ZrF 4 (m 0 0.06 mol kg À1 ) performed at 750 C. This cyclic voltamogram shows a single reduction peak I Red at around 0.99 V vs. Pt, associated with a reoxidation peak I Ox at around 0.90 V vs. Pt. The shape of this peak is characteristic of the dissolution of soluble/insoluble system (stripping peak). The inset of Fig. 2 represents the variation of the peak current density and the peak potential versus the square root of the potential scan rate between 25 and 500 mV s
. The graph shows two important points: (i) the cathodic peak potential is independent of the scan rate, which is characteristic of a quasi reversible system, and (ii) there is a linear relationship between the cathodic peak intensity the cathodic peak intensity with Zr concentration, confirming that this peak is attributed to the reduction of the Zr(IV) ions. The relationship between the intensity of the reduction peak and the Zr(IV) ion concentration is given at 750 C: j p 3:11 ½ZrðIVÞ (7) where j p the peak current density, [Zr(IV)] the Zr(IV) molality (mol.kg À1 ).
Number of exchanged electrons
The electrochemical technique used to determine the number of exchanged electrons is the square wave voltammetry. In this technique, the applied potential is a combination of square and staircase signals. The two successive pulses of the square signal have the same amplitude, the same duration, but opposite signs [19] . In the case of a reversible soluble/soluble system, the square wave voltammetry curve is a Gaussian curve. The number of exchanged electrons is determined thanks to the half width of the peak, W 1/2 , using the relationship [20] : voltamperogram shows a reduction peak at around 0.96 V vs Pt, which corresponds to the half wave potential E p/2 of the cyclic voltammetry. The shape of the reduction peak is an asymmetric Gaussian, which is characteristic of a soluble/insoluble system [21] . The asymmetry of the peak is related to the irreversible crystalli zation phenomena leading to a nucleation overvoltage and there fore a delay in the occurrence of the faradic current [11, 21, 22] . Equation (8) can be applied as the linear relationship between the differential of the peak intensity and the square root of the frequency was verified in the 9e64 Hz frequency range in the inset of Fig. 4 . The half width was determined as suggested by Hamel et al. [21] by doubling the value of the half width of the left side (2W L ) as in Fig. 4 . Applying this method and Equation (8) , the number of exchanged electrons has been determined and equal to 4.1 ± 0.1. The reduction of the Zr(IV) ions in LiF NaF is therefore carried out in a single step according to Equation (3) .
Based on the work of Nourry et al. [23] , square wave voltammetry can be used to determine the nucleation overvoltage h, using the following equation:
where W L and W R are respectively the half width of the left and the right side of the peak.
In our experiments, the overvoltage is equal to 50 mV.
Diffusion coefficient determination
The diffusion coefficient can be determined by two techniques: cyclic voltammetry and chronopotentiometry.
(i) Using the Berzins Delahay relationship (Equations (5) and (6)) and four exchanged electrons, Zr(IV) ions diffusion co efficient has been determined. The obtained value is 1.21 Â 10 À5 cm 2 s À1 at 750 C in LiF NaF. 
Using equation (10) , the diffusion coefficient has been deter mined and is equal to 1.35 Â 10 À5 cm 2 s À1 at 750 C in LiF NaF, which is very close than the value obtained by cyclic voltammetry. These values are in the same order of magnitude than Groult et al. (1,19.10 À5 cm 2 s À1 at 694 C) [10] and Xu et al.
(1,13.10 À5 cm 2 s À1 at 750 C) [12] values.
The diffusion coefficient of Zr(IV) ions was calculated between 750 and 900 C and the variation of the logarithm of the diffusion coefficient as a function of the inverse of the temperature is plotted in Fig. 6 . The variation of Zr(IV) diffusion coefficient vs. 
where D is the pre exponential factor (cm 2 . s À1 ) and E a the acti vation energy (J.mol À1 ).
Using results of Fig. 6 scanning. The cross over is assigned to the irreversibility of the nucleation step during the reduction scan [25] , proving a solid phase formation which is zirconium metal.
Chronoamperometry
Determination of zirconium electrocrystallisation mode.
Chronoamperometry is the electrochemical technique used in aqueous media, as well as in molten salts [14, 15,25e28 ] to study the nucleation phenomena. The exploitation of the beginning of the graphs I f (t) gives information on the nucleation mode (instan taneous or progressive), the crystal growth mode and the geometry of the nuclei. 1. Part I is characterized by a sharp decrease in current, corre sponding to the charge of the double layer and to the formation of the first germs. The germination's law giving the evolution of the number of nuclei as a function of time obeys the Poisson's law [15] :
where N is the growth center number at time t (cm to an increase of the electrode active surface area corresponding to the growth of the crystals. This zone presents a particular point where the rate of diffusion is equal to the crystal growth one. This point is the maximum of the peak and its coordinates are t m and I m . The analysis of Part II of the chronoamperogram provides information on the geometry of the nuclei, the nucle ation mode and the phenomenon limiting crystal growth. Indeed, for very short times, the current intensity follows a relation of the type [15] :
where a and x depend on the nucleation mode, the nuclei geometry and the phenomenon limiting the growth of the crystals.
Considering hemispheric nuclei formation and three dimensional growth limited by diffusion, the parameter x is 1/2 for instantaneous nucleation and 3/2 for progressive nucleation [29] . Fig. 9 illustrates the relationship of proportionality between j and t 3/2 . The nucleation of zirconium is therefore progressive and three dimensional. And the crystal growth is limited by the diffu sion of Zr(IV) ions.
3. Part III shows a decrease in current intensity attributed to a limitation of the reaction by the diffusion phenomenon of Zr(IV) ions, according to Cottrell's law: I f (t 1/2 ) [30] .
To confirm a progressive nucleation mode of zirconium, the experimental data were compared with the non dimensional theoretical models developed by Scharifker et al. [15] . These 
where M the molar mass of Zr (g.mol À1 ), r the density of Zr (g.cm
À3
) and AN 0 the nucleation rate (cm À2 . s À1 ). from the chronoamerograms plotted on a silver electrode by imposing different overvoltages and the theoretical curves of the two nucleation modes. The influence of the temperature on the zirconium nucleation mode is illustrated in Fig. 11 . Whatever the imposed overvoltage or the temperature of the salt bath, the experimental data fit the theoretical model of the progressive nucleation given by Equation (16) .
In conclusion, the zirconium nucleation mode is progressive. The crystal growth takes place in three dimensions and is limited by the diffusion of the Zr(IV) ions on the surface of the electrode. The temperature and the overvoltage imposed on the electrode do not have any influence on the zirconium nucleation mode.
3.2.2.2.
Determination of the nucleation rate AN 0 . In the progressive nucleation mode, the nucleation rate, AN 0 , can be determined for short electrolysis times and different overvoltages by coupling Equations (17) and (18) . Values of the nucleation rate and of the product I m 2 t m obtained at one temperature (690 C) and one con centration of Zr(IV) ions (m 0 0.17 mol kg À1 ) are gathered in Fig. 12 shows a linear relation between ln (AN 0 ) and the inverse of the square of the overvoltage (1/h 2 ). Erdey Gruz and Volmer [31] showed that the nucleation rate obeys the following equation:
This linearity observed in Fig. 12 is in agreement with Equation (20) 
The nucleation rate, and therefore the nuclei formation, increase with the overvoltage.
First tests on zirconium electrodeposition
After the study of the zirconium electrocrystallization phenom ena, first tests on zirconium electrodeposition were carried out in order to demonstrate the feasibility of obtaining zirconium metal deposits. Galvanostatic electrolyzes were performed at 0.03 A cm Fig. 13a shows a photograph of the obtained deposit, where it can be noted that the coating is covered by cooled salt. However, some parts of the deposit are clearly visible and indicate a metallic dendritic structure. In order to confirm that metallic Zr was obtained, a cross section of the cathode was polished and charac terized by SEM EDS analysis (see Fig. 13b ). On this micrograph, the Zr coating is adherent and made of a dense layer (~10 mm of thickness) with some dendrites. The feasibility of metallic Zr electrodeposition is thus demonstrated.
Conclusion
The electrochemical behavior of ZrF 4 was investigated in LiF NaF eutectics between 750 and 900 C on silver electrode. The reduc tion of ZrF 4 into metal occurs at around 0.99 V vs. Pt. Using different electroanalytical techniques, it was showed that: the reduction of Zr(IV) takes place in a single step exchanging 4 electrons: ZrðIVÞ þ 4e À $Zrð0Þ, the reduction is controlled by diffusion of Zr(IV) ions.
The diffusion coefficient of Zr(IV) ions was obtained on a tem perature range from 750 to 900 C. The data show an Arrhenius type relationship between the logarithm of the diffusion coefficient and the inverse of the temperature.
Then, zirconium crystallization was investigated in a LiF NaF salt mixture on silver electrode using chronoamperometry. In these conditions, zirconium nucleation was demonstrated to be pro gressive, which means that the nuclei are formed continuously. In addition, the shape of zirconium nuclei is hemispherical. Their growth is achieved in the three dimensions and is limited by the diffusion of Zr(IV) ions. Finally, the temperature and the over voltage do not have any influence on the zirconium nucleation mode, which remains progressive. However, the overvoltage in fluences the nucleation rate: the increase in the overvoltage gen erates an increase in the number of nuclei formed. These results are important and provide information on the deposition strategy. Indeed, the nucleation is progressive, DC electrolysis appears to be suitable for zirconium deposition. With a progressive nucleation model, it is preferable to have a high tem perature, a high concentration and an high enough overvoltage to make a deposit having the best conditions [27] . First experiments were performed on graphite cathode in order to demonstrate the feasibility of metallic Zr electrodeposition in molten fluoride media. The influence of the operating parameters on the electroplating of zirconium (concentration, temperature, cathodic substrate, applied intensity) are under investigation and the results will be detailed in a future article. ; t 5 h.
